It has been demonstrated previously that removal of acellular debris from the preimplantation mouse embryo is beneficial for subsequent development to the hatched blastocyst stage. We have studied the impact of cellular fragmentation induced in the mouse embryo during the late pronuclei and 8-cell stages on the hatching frequency and total cell number at the blastocyst stage. At the late pronuclei stage about one-quarter of the cytoplasm was removed from embryos in the experimental group, in four to six steps, thus creating four to six cytoplasts that were subsequently returned as anucleated fragments under the zona pellucida. Embryos with one-quarter of the cytoplasm removed and with intact cytoplasm after partial zona dissection (PZD) served as controls. At the 8-cell stage, embryos with their nucleoplast removed from two blastomeres served as an experimental group. Groups of embryos with part of the cytoplast removed from two blastomeres (nucleated fragments), embryos with two blastomeres removed and embryos after PZD alone served as controls. After manipulation all embryos were left in culture and analysed at about 100 h after human chorionic gonadotrophin administration. Fragments induced at the late pronuclei stage did not participate in compaction and were often spontaneously expelled from the embryo during hatching. Neither embryo hatching rate nor total cell number was affected when compared with zygotes with reduced cytoplasm. Although both nucleated and anucleated fragments induced at the 8-cell stage participated in recompaction, hatching was not compromised and there was no interference in further development as assessed by the cell number or hatching rate at the blastocyst stage, as compared with embryos with blastomeres removed. We conclude that anucleated cellular fragments formed in an otherwise healthy embryo, both before and after acquisition of the ability for compaction, are benign and that their removal provides no benefit for embryo development, at least to the hatched blastocyst stage.
Introduction
The presence of anucleate cellular fragments (fragmentation) is common in early human embryos following in-vitro fertilization (IVF) (Puissant et al., 1987) . The underlying reasons for this phenomenon, as well as its significance for embryonic development, are unclear. Fragmentation has been attributed to both spermatozoa and oocytes (Janny and Ménézo, 1994) . Spermatozoa were implicated as a cause of fragmentation through DNA damage occurring before fertilization Estop, 1991, 1993) , whereas others have reported that metabolic disturbances in the oocyte may play a role (Van Blerkom et al., 1995) .
Despite limited success with improving culture conditions, the prevention of human embryo fragmentation remains largely beyond our control. Fragmentation leads to both reduction in embryonic size and the presence of anucleate or/and nucleate fragments under the zona pellucida occurring some time during preimplantation development. The presence of nucleate fragments is usually an indication that the embryo is chromosomally abnormal and will eventually become arrested (Jurisicova et al., 1996) . In contrast, embryos with a mild degree of fragmentation and anucleated fragments often have developmental potential similar to that of embryos with zero fragmentation and for practical purposes are often combined into a single group (Staessen et al., 1995) . These embryos can be referred to as partially fragmented but otherwise healthy. It has been shown in mice that removal of part of the ooplasm in the zygote leads to a decrease in the total number of cells in the embryo at the morula and blastocyst stages (Opas, 1977; Evsikov et al., 1990) and in the inner cell mass (Xu and Rosenwaks, 1996) . Furthermore, a mouse model was used to demonstrate that a cellular debris persisting under the zona may affect hatching by an unknown mechanism, without impacting on embryonic cell number, though hatching could be restored following debris removal (Alikani et al., 1993) . Although the presence of a cellular debris in the early human embryo does occur, it is limited to those embryos in which some blastomeres were destroyed during freezingthawing (Cohen et al., 1986) . A far more common situation, however, is the presence of cellular anucleated fragments under the zona pellucida. Indeed, the vast majority of human embryos have some cellular fragments that initially appear during the first mitotic division. In the present study, the influence of anucleated cellular fragments in otherwise healthy mouse embryos during embryonic development was tested.
Materials and methods
All chemicals, unless otherwise noted were purchased from Sigma, St Louis, MO, USA. 
Collection and culture of mouse embryos
Mouse embryos were obtained from 10-to 12-week-old B6D2F1 mice following superovulation by 10 IU pregnant mare serum gonadotrophin (PMSG) and 10 IU human chorionic gonadotrophin (HCG) 48 h apart and after mating with B6D2F1 males. Mice were killed by cervical dislocation at about 20 h after HCG administration and the embryos recovered from the oviduct first into CZB-HEPES medium and subsequently into CZB medium under oil (Chatot et al., 1989) . Embryos were maintained at 37°C in an atmosphere of 5% CO 2 before and after micromanipulation. Individual blastomeres, karyoplasts and cytoplasts were cultured under the same conditions.
Micromanipulation
Micromanipulation was performed at room temperature using a Nikon Diaphot (Nikon, Japan) inverted microscope equipped with Nomarski optics at ϫ400 magnification. A manual Narishige (Tokyo, Japan) micromanipulator with a manual coarse control was used. The pressure in the microtools was controlled using two IM-6 syringes filled with oil. Tubes connected to the microtool holder were also filled with oil, whereas the microtools themselves were filled with a dimethilxiloxan (Sigma, USA). A blunted pipette of about 20 µm diameter and a sharp partial zona dissection (PZD) needle were fixed in a double tool holder (Leitz, Germany) and used sequentially during the micromanipulation. First, a hole was drilled in the zona pellucida using a PZD needle and a blunted pipette then used to remove part of the cytoplasm or a blastomere ( Figure 1A and B).
Micromanipulation on zygotes was performed at 25-28 h after HCG administration. Before micromanipulation, the zygotes were transferred into small drops of CZB-HEPES medium supplemented with cytochalasin B (5 µg/ml) under oil. In the experimental group 1308 (group 1), small cytoplasts (average five) corresponding to about onequarter of the total volume were first removed from the zygote and subsequently placed back under the zona pellucida ( Figure 1C ). Two controls were used: in one group about one-quarter of the ooplasm was removed as a cytoplast (group 2), while in a second group a hole was drilled in the zona (group 3). In some instances one or more cytoplasts that were removed from the zygote in group 1 became damaged during the manipulation. In such cases the remaining cytoplasts were not returned under the zona pellucida but were added to group 2. Consequently, the number of embryos in group 2 exceeded that in group 1.
Micromanipulation on 8-cell embryos was performed at 68-70 h after HCG treatment. Before micromanipulation, all embryos were transferred into calcium-free CZB medium and subsequently into calcium-free CZB-HEPES medium. In group 1, nuclei were removed from two blastomeres, thus creating embryos with one-quarter fragmentation. In group 2, cytoplasts of about half the blastomere size were removed from the two blastomeres. In group 3, two blastomeres were removed subsequent to the zona drilling. In a fourth group, embryos were subjected to zona drilling. If the cytoplast or karyoplast were damaged during manipulation (groups 1 and 2), these embryos were added to group 3. Karyoplasts and blastomeres removed from experimental and control embryos respectively were cultured individually for about 24 h. All embryos were scored (under an inverted microscope) at about 100 h after HCG treatment for evidence of hatching. Some of the removed karyoplasts and blastomeres were scored for evidence of cell division at 16-20 h after removal.
Okadaic acid treatment of karyoplasts
Karyoplasts from 8-cell stage embryos which did not divide with nuclei still present after 16 h of culture were placed in M16 medium supplemented with okadaic acid (OA, final concentration 10 µM) for 1 h, followed by incubation in M16 medium for 1 h. They were subsequently fixed and stained as described below.
Calculation of the cell number in embryos
Embryos and karyoplasts were fixed according to Dyban's technique (Dyban, 1983) at about 100 h after HCG treatment for both manipulated zygotes and manipulated 8-cell embryos. They were stained with Giemsa and cells numbers were counted three times by two independent observers using either an upright microscope (Zeiss, Germany) or a Nikon inverted microscope. The average number obtained was used in calculations. Comparison of cell number between groups was made using χ 2 , Student's t-test and Fisher's exact test.
Results

Impact of fragmentation occurring at the pronuclei stage
In embryos micromanipulated at the pronuclei stage there were no significant differences in hatching rate or total cell number between all three groups. Fragments did not change and could still be clearly seen at all subsequent stages of development ( Figure 1D ). Neither did the fragments participate in or interfere with compaction. Fragments could often be seen as they were expelled from the embryos during hatching. There was no significant difference in cell number between groups, whereas the differences between the control (PZD) and both experimental groups was highly significant (P Ͻ 0.001). Results are presented in Table I .
Impact of fragmentation occurring at the 8-cell stage
Both anucleated or nucleated cellular fragments were able to participate in recompaction after being returned to calciumcontaining CZB medium. There was no significant inter-group difference in the number of hatched blastocysts, although the cell number at the blastocyst stage was significantly higher (P Ͻ 0.001) in the PZD group than in the three other groups.
The numbers of cells in embryos following the removal of either cytoplast or nucleoplast, or of two blastomeres, were not significantly different. Overall results are presented in Table II .
Development of the whole blastomeres and half-karyoplasts cultured separately
Since we have found that removal of half of the cytoplast from two blastomeres led to an effect similar to removing half of the nucleoplast, we decided to culture half of the nucleoplast separately and observe its further development. Whole blastomeres were used as a control. After 16 h, all blastomeres but one (51/52) had divided at least once, whereas only four of 64 divided karyoplasts which remained with a nucleus (P Ͻ 0.001) had divided.
Treatment of retarded karyoplasts with okadaic acid
Sixty karyoplasts were treated with OA in order to determine the phase of the cell cycle in which karyoplasts were retarded. In 32 karyoplasts the nucleus disappeared during such treatment or during subsequent culture in M16 medium, whereas the nucleus persisted in the remaining 28. After fixation we found G 2 -type prematurely condensed chromosomes (PCC) in 18 instances ( Figure 2A ) and S-PCC in 11 instances ( Figure 2B ); three karyoplasts were not found after fixation. In those karyoplasts in which nuclei could still be seen, virtually intact decondensed chromatin was found after fixation ( Figure 2C ).
Discussion
In the present study a mouse model was used to determine the potential influence of fragmentation on the hatching rate and total cell number in preimplantation mouse embryos. Fragmentation, frequently seen in human embryos, is rarely observed in mouse embryos even under suboptimal culture conditions (Winston and Johnson, 1992) . Hence, it has been argued that mouse embryos do not always provide an adequate model for the pathology seen in the early human embryo (Winston and Johnson, 1992) . We believe, however, that our model, in which fragments were created at the late pronuclei stage, is sufficiently accurate for certain types of fragmentation for the following reasons: (i) similarly to the human embryo situation, anucleated fragments in our model are represented by cytoplasm not exposed to embryonic RNA, are thus unable to synthesize the proteins necessary for compaction, and therefore do not participate in compaction; and (ii) fragment formation was induced at about the same time as they usually appear in the human oocyte, i.e. during the first mitotic division. This would allow the embryos to be exposed to the hypothetical negative influence of the fragments during the same time frame as in the human. Our data suggest that fragments formed around the time of the first mitotic division, in an otherwise healthy embryo, do not participate in compaction and do not interfere with embryonic development, at least to the blastocyst stage. Consequently, we consider that the removal of anucleated fragments is not justified. Our finding in this regard is in contrast to the influence of acellular debris on early embryonic development where the hatching rate was shown to be affected (Alikani et al., 1993) . Currently we have no definitive explanation for this difference. Alikani et al. (1993) assumed that some products from degraded blastomeres may interfere with the hatching protease enzyme (Sawada et al., 1990) . In the case of cellular fragments there is presumably no leak of the cellular content because the plasma membrane remains intact and there 1310 is no interference with the hatching protease enzyme. However, the weakness of this hypothesis is that in a study by Alikani et al. (1993) , as well as in the present work, a hole was drilled in the zona pellucida during micromanipulation, and it has been shown previously that such drilling interferes with the natural hatching mechanism (Malter and Cohen, 1989) , presumably due to the loss of a hatching enzyme secreted by an embryo. This hypothesis would be difficult to test because it is not possible to remove part of the ooplasm while the zona pellucida remains intact. Although the presence of fragments under the zona pellucida did not influence the cell number at the blastocyst stage as compared with embryos with part of the ooplasm removed, it did affect the cell number when compared with non-reduced zygotes. This is in agreement with previous reports by Opas (1977) and Evsikov et al. (1990) . Although the fine mechanism by which the cell number is affected is not known it has been demonstrated that the cell division rate is slowed by reducing the zygote size, but is increased when the cytoplasm size is restored (Evsikov et al., 1990) . Indeed, these authors suggested that a certain nuclear/cytoplasmic ratio is necessary for a timely blastomere division, while our data show that this phenomenon persists until at least the 8-cell stage as removal of part of the cytoplasm retards cell division. Experiments using OA provide evidence that nuclei in karyoplasts can be retarded in both S and G 2 phases, and also in a phase that could be described as okadaic acid-insensitive. Okadaic acid specifically inhibits protein phosphatases 1 and 2A (Bialojan and Takai, 1988) shifting a balance in favour of phosphorylation. Addition of OA to the culture medium results in a burst of histones and nuclear lamina phosphorylation, leading to nuclear envelope breakdown and chromosome condensation, irrespective of the cell cycle phase Kalous et al., 1993) . Although OA does not permit the exact reason for developmental arrest to be determined, it helps to identify the cell cycle phase during which such arrest took place. A G 2 block in our study could be attributed to the deficiency of the active form of H1 kinase (Rime and Ozon, 1990) . Although blocking of the karyoplasts in either S-or OA-insensitive phases is difficult to explain and even more puzzling is the fact that, following the same procedure, karyoplasts were retarded in different phases and apparently by different mechanisms. We speculate that, due to compartmentalization of the cytoplasm, the removal of its different parts leads to different effects, though this hypothesis requires further verification. These experimental findings could explain why human embryos with equal-size blastomeres have a higher implantation potential than embryos with unequal blastomeres. It may be further speculated that a reduction in the cytoplasm volume during cell division places some blastomeres at a developmental disadvantage and may eventually lead to the death of some of the cells at the blastocyst stage (Hardy et al., 1997) . In addition, this mechanism may be partly responsible for increasing asynchrony between blastomeres at the 8-cell stage (Edwards and Beard, 1997) . Morphogenetic events, such as cavitation and hatching, however, are regulated by factors other than the number of rounds of DNA replication or nucleocytoplasmic ratio (Tarkowski and Wroblewska, 1967; Evsikov et al., 1990 Evsikov et al., , 1996 , perhaps time elapsed after fertilization. This may explain why the cell number, but not hatching, can be affected by removing part of the ooplasm.
We would like to emphasize that our model represents only those embryos that are otherwise completely normal. We do not know what proportion of human embryos have such a 'benign' type of fragmentation, although it is generally accepted that in the majority of cases embryos with a mild degree of fragmentation have the same implantation rate as embryos with zero fragmentation. Clearly, however, if the reason underlying fragmentation is, for instance, pulverization of DNA in the pronucleus (Schmiady and Kentenich, 1993) or a blastomere (Pellestor et al., 1994) , then even mild fragmentation would indicate that this embryo is not viable. However, in this case fragment removal would still not provide any benefit to the embryo as in such cases genetic unbalance would be the major obstacle for development.
Embryos with anucleate fragments induced at the 8-cell stage have the same total cell number and hatch at the same rate as embryos with two blastomeres removed, despite the fact that fragments participate in compaction and might 'confuse' morphogenetic events. This suggests that fragmentation which occurred at this stage does not have a negative influence beyond the exclusion of an amount of embryonic material from development, or at least this effect is not apparent at the hatched blastocyst stage. Consequently, the removal of fragments formed at an equivalent stage of human embryonic development probably would not have any practical value.
In conclusion, our results indicate that fragmentation in otherwise healthy embryos does not appear to have a negative impact on embryonic development to the hatched blastocyst stage, unlike cell debris resulting from blastomere degradation during freezing-thawing. However, further research is required to focus on the impact of cellular fragmentation and acellular debris on implantation.
